Magnesium-based glass matrix composites containing oxide particles were produced by mechanical alloying of Mg 55 Cu 30 Y 15 elemental powder mixtures with the addition of MgO, CeO 2 , Cr 2 O 3 or Y 2 O 3 oxide particles. The formation of the glassy phase was characterized by X-ray-diffraction and transmission electron microscopy methods and was found to proceed almost unaffected by the presence of the oxides. Differential-scanning-calorimetry-analysis revealed, that the amorphous matrix features a wide supercooled liquid region with an extension of about 40-50 K. Differences in the thermal stability of the composites depending on the oxide addition are discussed. Viscosity measurements proved the existence of a characteristic minimum of viscosity in this temperature range which was used to consolidate the powders into bulk samples by uniaxial hot pressing. The deformation behaviour under compression at room temperature as well as at elevated temperature of 423 K yielded excellent properties compared to conventionally produced magnesium-based alloys.
Introduction
The need for high strength and damage tolerant low density materials for the aerospace and automotive industry has raised comprehensive research activities devoted to the processing of light-weight aluminium and magnesium based alloys during the past thirty years. 1) More or less as a fringe subject of the research on solid solution and precipitation hardened Al-alloys, investigations on non-equilibrium aperiodic phases such as amorphous phases have been initiated in the 70's.
2) Today, one of the most intensely explored features of amorphous phases are their mechanical properties. Metallic glasses exhibit high hardness, very high resistance against abrasive wear and high strength, e.g. 2-3 times higher for Mg-based glasses compared to commercial Mg-alloys. 3) However, at room temperature they break in a brittle fashion with almost no plastic deformation, whereas at elevated temperatures around the glass transition they show ductility of up to 20%. 4, 5) A further interesting feature of metallic glasses is the rather low elastic modulus in combination with the high proof strength compared to steels, which allows high elastic amplitudes under high loads. 6) Recent developments of glass-forming Mg-alloys with very good glass-forming ability and high thermal stability of the supercooled liquid against crystallization allowed the preparation of Mg-based bulk glasses. 7) Such alloys were produced in dimensions of millimeter-sized rods or sheets by slow cooling from the melt using a copper mould casting technique. [7] [8] [9] The mechanical properties of these metallic glasses can be furthermore improved by nanoscale precipitates or by homogeneously distributed insoluble fibers or particles. [10] [11] [12] The idea behind this is to hinder shear band propagation and, thus, to impede the begin of deformation. 13) Furthermore, due to the initiation of multiple shearing events a more homogeneous deformation mode can be expected. The strengthening effectivity of the particles which are either initially added elemental particles, crystallization-induced intermetallic crystallites or oxide particles depends only little on their nature but more on their size and distribution. 10, 14) Nevertheless, oxide particles were found most suitable, 15, 16) since their high intrinsic stability and, hence, a low dissolution tendency they do least affect the formation process and the thermal stability of the glassy matrix. 12) However, upon slow cooling from the melt those additives can act as prefered sites for heterogeneous nucleation, thus, deteriorating the castability and hence, the thermal stability of the glass. Alternatively, mechanical alloying allows to prepare glass composites due to the completely different reaction temperatures and timescales for phase formation through solid state reaction.
17) The existence of the characteristic viscosity minimum in the temperature range of the supercooled liquid offers furthermore a narrow but effective processing window for the consolidation of the powders into bulk specimens.
In the present paper, we report on the formation and the properties of mechanically alloyed MgCuY-based metallic glass composites with oxide particle additions, showing that the thermal stability of the supercooled liquid can be maintained in the presence of nanosized particles. The effectivenes of the particle addition on the improvement of the mechanical properties has been investigated.
Experimental Procedure
The mechanical alloying started from elemental Mg, Cu and Y powders with nominal purities of 99.9 at% for Cu, Mg and Y (nominal particles sizes <150 µm). All powder handling was done in a glove box under argon atmosphere (O 2 , H 2 O < 1 ppm). For the composite samples the elements were mixed to give a composition of Mg 55 Cu 30 Y 15 and blended with different volume percents of MgO, CeO 2 , Cr 2 O 3 or Y 2 O 3 oxide particles with a nominal purity of 99.5 at% (nominal particles sizes <2.5 µm). The powders were milled in a RETSCH planetary ball mill at rotational velocities of 180 rpm for different times using hardened steel milling tools and a ball-to-powder weight ratio of 13:1. Ioncoupled plasma (ICP) and atomic-absorbtion spectroscopy (AAS) analysis of the as-milled powders revealed iron impurity of less than 0.5 at% due to wear debris from the milling tools. The oxygen content of dispersoid-free powders, which mainly stem from the starting materials, was determined by hot extraction (C436 LECO analyser) to be ≤0.3 mass%. The compaction of the glassy powders was done by uniaxial pressing under a vacuum of 2 · 10 −4 mbar at pressures up to 500 MPa at a temperature of 40 K below the onset of crystallization (T x ).
The microstructure was characterized by X-ray diffraction (XRD) using a Philips PW1050 diffractometer with Co-Kα radiation (λ = 0.178896 nm) and transmission electron microscopy (TEM) using a Philips CM20 FEG analytical microscope with 200 kV acceleration voltage. The thermal stability of the samples was analyzed by differential scanning calorimetry (Perkin-Elmer DSC7) at a heating rate of 40 K/min under flowing argon. The viscosity of the powders was analyzed by parallel-plate rheometry using a PerkinElmer TMA7e analyser with quartz penetration probe at a static load of 2.6 N under argon atmosphere at a heating rate of 10 K/min. Before, the glassy samples were pre-annealed above the glass transition temperature (T g ) to obtain relaxed isoconfigurational states.
Mechanical properties were tested by microhardness measurements in a Vickers microhardness tester with a static load of 0.4905 N. Ten indentations were used to determine average hardness values. Square-shaped specimens with sizes of 3 × 3 × 5.5 mm 3 were prepared from the bulks and deformed under a constant compression rate ofε = 10 −4 s −1 using an Instron 8562 dynamic testing system. In order to avoid effects of friction between the sample and the punches, the contact area was bridged with teflon stripes.
Results and Discussion

Microstructure formation
With respect to previous investigations, 18) which revealed that for MgCuY powder mixtures the amorphization during mechanical alloying proceeds in a similar way as for binary systems 19) or other multicomponent glass-forming alloys 17) via interdiffusion in a mechanically formed arrangement of thin elemental layers, the influence of an initial addition of oxide particles on the amorphization process was studied. The XRD patterns in Fig. 1 3 , respectively. It clearly shows the formation of an amorphous phase for all samples. For the oxide-free reference powder, the broad amorphous halo is superimposed with peaks reflecting unreacted Mg, Cu and Y which remained present even after very long milling times. Most likely, thin oxide layers covering the grain boundaries and the particle surfaces of the highly reactive powders are present, similar as in the case of mechanically attrited nanocrystalline aluminium. 19) This prevents complete alloying even after extended milling. Hence, the high reactivity of the elements prevents the formation of a homogeneous amorphous alloy and even the dispersoid-free sample has rather to be considered as a composite of amorphous matrix and nanoscale elemental particles and oxides. Similar results were found for a variety of alloys with different compositions. 20) Although these remains are also existent in the oxide-containing powders, they appear less pronounced in the XRD patterns since In the XRD patterns no displacements of the maximum of the amorphous halo were observed within the range of the experimental accuracy, as it was previously reported for Mg 55 Cu 30 Y 15 powders milled with initial elemental additions. 16, 20) stoichiometry. However, the investigation of the thermal stability of the powders by DSC analysis reveals that the addition of oxides can indeed have an effect on the stability of the glassy matrix. Figure 3 compares characteristic DSC scans for asmilled powders with and without oxide addition. All samples exhibit a glass transition before crystallization, revealing that the addition of oxides does not suppress the transition from the amorphous solid to the supercooled liquid state. Thus, the amorphous matrix in these composites can be described as a glassy phase. The samples crystallize in two steps, where the primary crystallization leads to the precipitation of Mg 2 Cu nanocrystals. This results in a change of the composition of the remaining matrix which crystallizes subsequently into an intermetallic phase mixture.
21) The glass transition temperatures T g , the crystallization temperatures T x , the extension of the supercooled liquid region ∆T x = T x − T g and the enthalpy values for the primary crystallization ∆H x are given in Table 1 (T g and T x are defined as the onset temperatures of the respective reaction in the DSC scan). The results for the dispersoid-free powder are consistent with data for rapidly quenched MgCuY ribbons or cast alloys. 8, 9, 22) Although the main features are equal for all the powders, there are differencies in T g , T x , ∆T x and ∆H x between the plain powder and the composite powders. 16) on the influence of the particle volume fraction on the formation of an amorphous phase showed for Y 2 O 3 additions, that the appearance of an extended supercooled liquid region in the presence of oxide particles is not restricted to small oxide volume fractions only. Even at high concentrations of up 30 vol% the formation of the amorphous phase proceeds unaffected. Moreover, the glass transition temperature as well as the onset of crystallization and the enthalpy do not change significantly. Comparing the dispersoid-free sample and the composite samples, isothermal DSC measurements (not shown here) revealed furthermore similar incubation times for the onset of crystallization but significantly shorter times for the reaction itself. 21, 23) This supports the conclusion that although the enhanced number of potential nucleation sites affects the transformation kinetics once the reaction started, it does not promote the begin of the crystallization reaction by interface-controlled nucleation at the Y 2 O 3 -matrix phase boundary. Obviously, the Y 2 O 3 particles do neither deteriorate the conditions for an effective alloying process nor do they act effectively as heterogeneous nucleation sites, triggering massive crystallization.
Viscosity measurements, powder consolidation
The characteristic softening of a glassy phase in the temperature range of the supercooled liquid can be exploited for the consolidation of metallic glass powders. Figure 4 shows viscosity measurements for dispersoid-free Mg 55 Cu 30 Y 15 and for the different composites as obtained from parallel plate rheometry measurements. The viscosity η in these measurements is not an intrinsic property of the glassy phase but must be considered as an average value including the contribution of the oxides and the fractions of unreacted material. The scans show the typical decrease in viscosity with temperature upon heating through the glass transition. At elevated temperatures the viscosity increases significantly due to the start of crystallization. The measured viscosities are consistent with the data for cast MgCuY bulk glasses 22) and for Zr-based glass matrix composites. 11, 24, 25) Compared to the results of the DSC scans, there are similar differences in the thermal behaviour between the different powders mainly concerning Dispersoids the temperatures of glass transition and crystallization, which are related to the compositional changes of the matrix due to oxide dissolution. Although the presence of nanoscale oxide particles generally leads to a retardation of viscous flow in the supercooled liquid region, 11, 24) the difference in the viscosity minimum and the temperature characteristics is rather small as it can be concluded from Fig. 4 16) showed, that significant changes of the overall flow behaviour, e.g. the minimum viscosity in the supercooled liquid region, only occur for particle volume fractions of 10 vol% and higher. More important, the distinct viscosity decrease offers a quite comfortable processing window for the consolidation of the powders by hot pressing. Moreover, as-compacted bulk samples can be further deformed or shaped in the respective temperature range.
Based on these results, the powders were consolidated into bulk samples of up to 20 mm in diameter and 6 mm in height by uniaxial hot pressing. In order to make use of the decrease in viscosity, but also to avoid isothermal crystallization, the compaction was performed at a temperature of T x − 40 K. The comparison of the microstructure of as-milled powder and hot pressed bulk samples by XRD analysis (see did not give any hint for crystallization upon powder consolidation. The finding of almost equal crystallization enthalpies as a measure for the reacted volume fraction and similar temperature features in the DSC analysis, as it can be seen in the inset in Fig. 5 for Mg 55 Cu 30 Y 15 -MgO composites, give further evidence that the phase composition remained unchanged upon compaction. The density of the compacted bulks was determined by Archimedes method to be more than 99.5%.
Mechanical properties
The mechanical properties were investigated by Vickers microhardness (H V ) tests and constant rate compression tests. The H V values vary between 3.45 GPa and 3.88 GPa for the oxide-free material and the oxide-containing powder, respectively (see also Table 1 ). No cracks were observed radiating from the edges or sides of the indentations, indicating a rather high fracture toughness of the material. Compared with the values of 2.0 to 3.2 GPa for rapidly quenched MgCuY amorphous alloys the hardness of the present consolidated powders is larger and about in the range of the hardness of partially or fully crystallized ribbons (3.9 to 4.3 GPa) of the same or com-parable composition. 9) This must be explained as a strengthening effect of the nanometer-sized oxide particles and unreacted constituents in the mechanically alloyed samples.
In Table 1 , data of the Young's modulus E, the fracture strength σ f and the fracture strain ε f for a plain Mg 55 Cu 30 Y 15 glassy bulk sample and different bulk composites at room temperature are summarized. As a characteristic feature, all samples show very high strength values with a maximum of 709 MPa for the Y 2 O 3 composite. However, they fracture in a brittle fashion without evidence for plasticity at room temperature. Furthermore, the elastic modulus E increases as a result of oxide particle addition. Due to this high material brittleness the specimens are very sensitive against any preparation artefacts like larger oxide inclusions or pores. This is why the correlation of the overall strength values with the composite composition is not straight forward. Obviously, the degradation of the microstructure for the CeO 2 -and Cr 2 O 3 -containing samples resulting from the discussed dissolution of oxide particles in the matrix has no pronounced influence on the mechanical properties. A possible strength contribution due to the change of the composition of the glassy matrix can therefore be neglected, at least at room temperature. Nevertheless, the room temperature strengths obtained for these samples are 1.5 to 2.5 times higher than the strength performance of state-of-the-art Mg-based cast alloys.
3)
The influence of the dispersoid volume fraction on the mechanical properties has been studied for Mg 55 Cu 30 Y 15 bulk composite samples with 0, 5 and 20 vol% of Y 2 O 3 addition. Figure 6 shows plots of the true stress σ vs. the true compression ε for these samples resulting from compression tests at a constant compression rate of 5×10 −4 s −1 at room temperature as well as at 423 K. The strengthening effect owed to the oxide dispersoids is obvious from the increase in fracture strength by about 100-150 MPa compared to the dispersoid-free specimen as well as from the considerably larger Young's modulus of 60 GPa compared to 32 GPa, respectively. The fact that the specimen with 20 vol% Y 2 O 3 addition fails unexpectedly at a lower stress than the sample with only 5 vol% Y 2 O 3 must be attributed to consolidation artefacts in this sample. The strength increase due to particle addition is even more pronounced at elevated tempertures slightly below T g . Most relevant, however, is the dramatically different deformation behaviour of the samples at 423 K, showing plasticity of up to 24%. This is owed to a change of the deformation mode in the material. At room temperature the deformation is governed by the formation and movement of localized shear bands. 26, 27) Since the deformation is restricted to the volume of the shear band with a size of about 10 to several tens of nanometers, it appears to be very heterogeneous. At elevated temperatures around the glass transition the deformation is more homogeneous since each volume element contributes to deformation.
27) It can be described as a viscous flow of atoms in the entire volume and is then mainly temperature controlled. This, however, holds true only at low strain rates. At higher strain rates, i.e. higher than 10 −4 s −1 , the stress-controlled deformation by shear band mechanism dominates, leading again to a more heterogeneous deformation. A further characteristic feature which is consistent with observations in Zr-based bulk metallic glasses 28) is the existence of a stress maximum, followed by a continuous stress reduction with increasing compression. The drop of the stress after reaching its maximum has its origin in the formation of additional free volume in the course of the deformation, leading to the softening of the material. The amount of free volume formed depends essentially on the applied load and on the deformation rate. 28) The yield strengths at 423 K are almost equal to the room temperature strength for the oxide-free and the 5 vol% sample or even exceeds it for the 20 vol% specimen. This remarkable finding corroborates the conclusion that the room temperature strength values should be considered as the minimum achievable strength due to the high sensitivity of the brittle material against preparation artefacts at low temperature which causes failure below the true intrinsic strength of the composite material. The yield strength at 423 K does not show a simple proportional dependence on the oxide volume fraction of the composite. This corresponds to the expectation that the contribution of the oxide particles to the overall strength is rather little due to their intrinsic strength, but more since they effectively influence the deformation mechanism of the matrix. For this, the size and a homogeneous dispersion of the particles in the matrix is of much greater importance than their volume fraction. Further investigations are under way to explore the microscopic mechanism of the particle-matrix-interaction. This is, because under the assumption, that at temperatures around T g the deformation by viscous flow of all atoms dominates, a proposed pinning of shear bands can not longer taken into consideration for a reasonable explanation of the high temperature deformation. In contrast, the suppression of shear slip in the glassy matrix due to the particle interaction as well as multiple shearing events are considered as the origin of the strength increase at room temperature, similar as for the strengthening of crystallization-induced nanoscale metallic precipitates in an amorphous matrix.
Conclusions
MgCuY composites with oxide particles embedded in a glassy matrix were produced by mechanical alloying of elemental powders. Non of the additions of 5 vol% of CeO 2 , Cr 2 O 3 , MgO and Y 2 O 3 was found to affect the formation of an amorphous phase significantly. However, in all the composite powders small amounts of unreacted elemental constituents remained. Nevertheless, a Mg 55 Cu 30 Y 15 glassy matrix formed, revealing with a T g of 439 K, T x of 494 K and hence a ∆T x of 55 K, a high thermal stability. CeO 2 and Cr 2 O 3 were found to partially dissolute in the matrix and hence, to reduce the thermal stability exhibiting lower T g and T x as well as a smaller ∆T x , whereas powders containing MgO and Y 2 O 3 show the same features as the dispersoidfree powder. Parallel plate rheometry analysis proved the existence of a viscosity minimum in the supercooled liquid region, characteristic for metallic glasses. The softening of the material in this temperature range was used to consolidate the powders by uniaxial hot pressing at around 40 K below the crystallization point. Constant rate compression tests revealed excellent properties for the bulk specimens, yielding a maximum room temperature strength of 709 MPa in the case of the Mg 55 Cu 30 Y 15 -5 vol% Y 2 O 3 composite. This is 1.5 to 2.5 times higher than the strength performance of conventional Mg-based cast alloys. At 423 K, there was only a minor reduction in yield strength compared to room temperature, which was furthermore found to depend essentially on the oxide volume fraction.
